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We report a single-stage bi-directional interface capable of linking Sr+ trapped ion qubits in a long-
distance quantum network. Our interface converts photons between the Sr+ emission wavelength
at 422 nm and the telecoms C-band to enable low-loss transmission over optical fiber. We have
achieved both up- and down-conversion at the single photon level with efficiencies of 9.4% and
1.1% respectively. Furthermore we demonstrate noise levels that are low enough to allow for genuine
quantum operation in the future.
INTRODUCTION
Large scale quantum networks suitable for long-
distance secure communication and distributed compu-
tation require not only that quantum information may
be manipulated reliably, but also communicated success-
fully between remote nodes [1, 2]. However, existing
quantum information processing platforms are not indi-
vidually able to fulfil both of these requirements. For
example, photons can distribute quantum information
through fiber networks [3] or via satellite [4] but multi-
photon gates remain challenging, whereas trapped ions
have achieved high-fidelity two-qubit operations [5] but
are unsuitable for sharing entanglement beyond a single
laboratory. However, integrating disparate technologies
to form a hybrid light-matter quantum network promises
the capability to carry out entanglement distribution and
quantum communication over long distances [6, 7].
The optical communication bus between nodes must
overcome two technical challenges: compatibility be-
tween devices operating at different optical frequencies
and low loss across large separations. Quantum fre-
quency conversion (QFC), where a photon is coherently
shifted to a different frequency band, addresses this dif-
ficulty by linking wavelengths as short as the ultravio-
let (UV), where many convenient ion transitions are lo-
cated, and the infrared (IR) telecommunications bands,
enabling long-distance low-loss transmission in optical
fiber [8].
A diverse range of platforms have been utilized to
demonstrate frequency conversion via three- or four-wave
mixing, including nonlinear crystals [9, 10], planar waveg-
uides [11, 12], optical fibers [13, 14], microresonators
[15, 16] and atomic systems [17, 18]. QFC experiments
initially focused on enhancing detection of IR photons
by mapping them to the visible and near-infrared (NIR)
where efficient silicon photon detectors existed [9, 19].
QFC has since been shown to achieve the frequency
remapping of both squeezed light [20, 21] and entan-
gled states [12, 22]. The enhancement offered by QFC
to optical interconnects within a quantum network has
led to a demonstration of direct coupling between dis-
similar quantum memories [23], as well as a multitude of
experiments translating node-compatible photons both
from [12, 20, 24–30] and to [22, 31–40] different telecom-
munication bands.
Near-unit efficiency frequency conversion has been
demonstrated [14], although, in practice, complexities
arising from photon bandwidth, pump induced noise and
the required frequency shift have limited the capability
of many converters, proving arduous challenges to over-
come. QFC via three-wave mixing, in particular, imposes
the strict requirement that the high nonlinear coupling
be provided by a singular strong pump which addition-
ally must account for the energy difference between the
input and target wavelength. In large part, existing QFC
experiments have exploited opportune laser wavelengths
and transitions predominantly in the red and NIR. The
large frequency separation between IR and and the blue
- UV makes connecting most ion traps to the telecom
bands particularly challenging, leading to the proposi-
tion of a two stage approach [41]. Classical generation of
UV light by means of parametric three-wave mixing is in
itself difficult, so far being realized by SHG [42] and sum
frequency generation (SFG) [43]. Recently however, de-
velopments in the translation of quantum states between
ultraviolet and the O-band has been shown [44, 45], al-
beit only in one direction. The majority of reported con-
versions thus far have been unidirectional with limited
exceptions [46], whereas to create a functional quantum
network in fiber, shifting to the telecoms is critical and
two-way conversion is desirable.
We report the realization of single-stage bi-directional
frequency conversion at the single photon level for in-
terfacing the S1/2 → P1/2 transition in trapped Sr
+
ion qubits (422nm) with the telecommunication C-band
(1550nm). The conversion is achieved in a magnesium-
doped periodically poled lithium niobate (MgO:PPLN)
crystal, where χ(2) sum or difference frequency genera-
2tion (SFG or DFG) can be used to achieve up or down
conversion of an input photon. By monitoring the con-
version of weak coherent light with single-photon detec-
tors, we demonstrate that the noise level, expressed as
the actual noise photons normalized to the conversion ef-
ficiency, µ1 [47], is as low as 0.0185 – far below the level
required for use as the interface in a hybrid quantum net-
work. This is to our knowledge the only bi-directional
link between blue ion transitions and the C-band.
TECHNICAL DETAILS
In order to map the input to the target output wave-
length, a strong pump field must be tuned to fulfill the en-
ergy conservation requirement ~ωin+~ωpump = ~ωout for
SFG up conversion and ~ωin − ~ωpump = ~ωout for DFG
down conversion. In both SFG and DFG the amplitude
of the strong pump serves to drive the nonlinear optical
response facilitating the conversion. The efficiency of the
process is related to the strength of the coupling between
the fields in the QFC Hamiltonian:
Hˆ = i~κApump
(
aˆ†outaˆin − h.c.
)
(1)
determined by the parameter κ, which itself is dependent
on the magnitude of the fields but also on their relative
phase, spatial overlap in the crystal and a the intrinsic
nonlinearity of the material [8].
For such widely separated wavelengths, the large wave-
vector mismatch ∆k between the propagation constants
of the three fields means that phase matching is difficult
to satisfy in commonly-available materials. Even typical
quasi phase-matched (QPM) crystals that achieve effi-
cient conversion when
∆k −
2pi
Λ
= kout − kin − kpump −
2pi
Λ
= 0 (2)
have a poling pitch Λ that is too long to compen-
sate the large ∆k in our interaction. Hence, we used
a MgO:PPLN crystal fabricated in collaboration with
Covesion Ltd with ferroelectric domains created using
a proprietary electric field poling technique to produce a
very short pitch, shown in Fig. 1. A photoresist pattern
was created on the -z (bottom) face of a 0.5 mm-thick
single-domain z-cut 3 inch diameter MgO:LiNbO3 crys-
tal wafer. Liquid electrodes were applied to both the
patterned -z and unpatterned +z surfaces of the crystal
to enable electrical contact with the wafer surface. Do-
main inversion along the z-axis was performed at room
temperature by voltage-controlled application of electric
field based on a first stage of domain nucleation above
the coercive field of the crystal, and a second stage of do-
main spreading near the coercive field (∼4.5kVmm−1);
this technique results in inverted domains that traverse
the entire thickness of the crystal. The MgO:PPLN wafer
FIG. 1. Optical micrographs of the (a) +z (top) and
(b) -z (bottom) surface of one of the 3.75 µm periodically
poled MgO:LiNbO3 crystals. (c) Phase-matching characteris-
tics. The temperature response of the phase-matching of the
3.75 µm poled crystal, i.e., the wavelength of perfect phase
matching as a function of crystal temperature. Inset SFG
phase-matching curve, ie., short wavelength output power as
a function of input telecom wavelength at constant crystal
temperature and pump power.
was diced and polished into multiple chips, each contain-
ing five 300µm-wide gratings with periods of 3.75, 3.85,
3.95, 4.05, and 4.15µm respectively. These periods were
calculated to enable SFG and DFG processes between
422nm and the telecoms C-band. The MgO:PPLN crys-
tal used in this experiment was 19.97mm long, with the
3.75µm grating selected; it was not anti-reflection coated.
EXPERIMENTAL DEMONSTRATION
Phase-matching characterization
The experimental setup for characterizing the SFG
up-conversion is shown in Fig. 2(a). An 80MHz
synchronously pumped tunable dye laser operating at
580nm wavelength and 30ps pulse duration (Sirah
Gropius) was used to pump the conversion and a tunable
continuous-wave (CW) laser with a 40MHz linewidth
(Santec TSL-510 C), provided a coherent IR input that
was attenuated to low mean photon number. The pump
and input beam size and polarization were set using
telescopes, polarizing beam splitters (PBSs), and half-
wave plates (HWPs) before the beams were combined
at a dichroic mirror (DM) and directed towards the
MgO:PPLN crystal. A pair of fused silica lenses were
then used to focus the overlapped beams into the crystal.
Care was taken to balance matching the Rayleigh length
of each beam to half the crystal length while minimiz-
ing the difference between the cross-sections of the beam
waists. Following the crystal, a flipper mirror allowed
for the input and pump powers transmitted through the
crystal to be measured. The pump, unconverted IR in-
put light and successfully converted violet output were
3FIG. 2. (a) Experimental setup of the SFG up conversion. (b)
Up conversion efficiency of the interface. (c) Signal-to-noise
ratio of the up conversion.
then separated using a series of dichroic and short pass
(SPF) filters before being directed to two single-photon
avalanche diodes (SPADs). At the short wavelength, the
pump light was removed using short pass filters at 500nm
and 440 nm as well as a short-pass dichroic filter with an
edge at 500 nm. The remaining signal was monitored
by a blue-enhanced Si SPAD with a detection efficiency,
dead time and dark count rate of 86%, 43 ns and 6Hz.
For the long wavelength we utilized a fiber-coupled In-
GaAs SPAD operating at 9.5% detection efficiency with
a dead time of 10µs. A time-tagging module (TTM) was
used to record counts from the detectors. A spectrograph
with electron-multiplying CCD camera was available to
monitor the spectra of the violet light.
In order to maximize the coupling constant, κ, the
phase matching of the crystal was first characterized.
With the temperature of the crystal stabilized at 160◦C,
the input IR beam was swept in wavelength whilst the in-
tensity of the converted violet light was measured, map-
ping out the phase matching curve, for a pump wave-
length of 579.6 nm. We observed several distinct peaks
in the phase-matching (see Fig. 1), indicative of either
multiple frequency modes within the pump beam or in-
homogeneous poling across the length of the crystal.
We measured the change in position of the central
phase matching peak as a function of temperature, for
a range of crystal temperatures by sweeping the input
wavelength whilst measuring the output violet power us-
ing an amplified photodiode. For the input IR light
we measured a temperature response of ∆λin/∆T =
0.4 nm/K, corresponding to a change in the output wave-
length of ∆λout/∆T = 0.0297nm/K.
Frequency up-conversion
Having established the phase matching response of the
crystal, we investigated the achievable up conversion effi-
ciency. IR light at 1547.6nm was converted to 421.7 nm
by pumping the process at 579.6 nm with a fixed crystal
oven temperature of 160◦C.
We present the external efficiency, ηext, of the SFG con-
version in Fig. 2(b), which we define as the mean number
of converted photons per second leaving the crystal di-
vided by the number of input photons per second incident
and temporally overlapped with the pump. The number
of input photons per second, 〈n〉in, is therefore given by
〈n〉in =
PinD
~ωin
, (3)
where Pin was the IR power transmitted through the
crystal measured with the pump beam blocked. Due to
observations of drift in the IR input power, this was mea-
sured both before and after each integration over which
we recorded detector counts and used to calibrate the
continuous monitoring of the IR light at SPAD detector
2. Due to the CW nature of the input light, the duty
cycle D was defined as the pump pulse width multiplied
by the repetition rate: D = τpump · Rp.
The conversion efficiency was then calculated as
ηext =
S −N
〈n〉in η loss
, (4)
where ηloss incorporates the detector efficiency (86%),
transmission through optical components (96%) and, at
higher powers, a neutral density filter (NDF) with ap-
proximately 20% transmission used to prevent detector
saturation. S and N are the signal and noise counts per
second respectively. As the SPAD detectors output only
a single click when one or more photons arrive within
their dead time, S and N were corrected relative to the
measured rates Sraw and Nraw as follows:
S =
Sraw
1− SrawTD
; N =
Nraw
1−NrawTD
, (5)
where TD ≫ 1/Rp is the dead time of the detector. The
background noise was measured by blocking the IR in-
put and recording counts at the visible detector with the
pump unblocked.
In order to demonstrate the capability of the interface
to operate at low photon numbers we set a target input
of overlapping an average of two IR photons from the
IR attenuated coherent source with every pump pulse.
The resulting conversion efficiency is shown in Figure
2(b). The highest measured external efficiency of ηext
= 9.4±0.86% was observed for an average pump power
of 180mW. Each point in Figure 2(b) corresponds to a
measurement consisting of between 5 and 10 s of integra-
tion, beyond which we observed a drop in efficiency. This
4was later realized to be due to absorption of the pump
light causing localized heating of the crystal, resulting
in a change in the phase matching. The phenomenon
of pump-power-induced change in ∆k for χ(2) QFC pro-
cesses has been discussed previously [45, 48]. Additional
change in the phase mismatch is also introduced due to
the photorefractive effect and as such, when operating
over extended periods of time as would be required in
a network, the process would be pumped at a constant
power, with the phase matching temperature tuning be-
ing optimized at the selected pump power. Figure 2(c)
shows the signal to noise ratio (SNR) achieved across a
range of pump powers, where we define SNR = S/N . The
SNR achieved for the point at which we achieved highest
conversion was 39.4±0.69.
Frequency down-conversion
In order to demonstrate a two way interface, we simi-
larly characterized the reverse process, converting single-
photon level violet light to IR via DFG. Figure 3(a) shows
the modified experimental setup. The input light at
425.5 nm was obtained by second harmonic generation
of a 80MHz repetition rate Ti:sapphire laser operating
at 851nm wavelength and 300ps pulse duration (Spectra
Physics Tsunami) which was synchronized to the clock
signal of the dye laser system via active cavity-length
control. Replicating the interface between 421.7 nm and
the C-band was not possible due to the phase match-
ing restriction of the SHG crystal. In order to success-
fully translate the violet light to the telecoms C band
we tuned the wavelength of the dye laser to 585nm and
adjusted the crystal oven temperature to 226.4◦C. This
enabled us to optimize conversion to 1560.6nm. Miti-
gation of the pump induced change in ∆k was achieved
by optimizing the oven temperature whilst pumping the
nonlinear conversion with an average power of 60mW,
half of the available range. In the long wavelength de-
tection arm the filtering consisted of two long pass filters
with edges at 950 and 650 nm. A 8.9 nm-wide band pass
filter (BPF) was used, centered at 1570nm and rotated
in order to shift the transmission to accommodate the
converted light at 1560nm.
In Fig. 3(b) we present the external efficiency of the
conversion, where we have accounted for sources of loss
outside the crystal, as described by Eq. 3. We evalu-
ated ηloss, incorporating the detector efficiency (∼ 9.5%),
transmission through optical components (∼ 73%) and
fiber coupling efficiency (∼ 65%). The duty cycle D was
defined as the ratio of the pump and input pulse dura-
tions: D = τpump/τinput. The same target input photon
number as the SFG conversion, of 〈n〉in = 2 per pulse,
was used in the DFG experiment. Across the data col-
lected, counts were measured for integration times longer
than 15 s.
FIG. 3. (a) Experimental setup of the DFG down conversion.
PLL: phase-locked loop (b) Down-conversion efficiency of the
interface. (c) Signal-to-noise ratio of the down conversion.
The pump and input beam were steered using mir-
rors ahead of the crystal to optimize the beam overlap
leading to a wide distribution of observed conversion at
comparable pump powers. A maximum external con-
version efficiency of (1.1± 0.12 )% was achieved for a
pump power of 120mW, While significantly lower than
the ∼ 6% external efficiency observed for the SFG at
equal pump power, the observed value may be partly
explained by a change in beam waist between the two
experiments. The beam waist of the pump in both ex-
periments was ∼ 43.2µm, while the input light beam
waist was increased from ∼ 63.3µm in the SFG up con-
version to ∼ 112µm in the DFG down conversion. This
would indicate that the maximum proportion of the in-
put overlapped by the pump changed from ∼ 46.6% to ∼
14.9%. It could be expected that further optimization of
optics selection may yield improved conversion efficien-
cies, in particular when considered for the DFG down-
conversion. Again, we draw attention to the conversion
efficiency being limited by the available pump power in
the experiment, as can be seen from the linear slope of
the efficiency vs pump power curve in Fig. 3(b). The
down conversion was shown to be low noise in operation,
with a SNR of 108±3.8 measured at the point of highest
conversion.
DISCUSSION
Noise analysis
In order to demonstrate that our device is capable of
operating as a QFC interface in a quantum network, for
5FIG. 4. (a) µ1, The lowest number of photons per pulse possi-
ble to send into the device to get an SNR ≥ 1. (b) Probability
of successful transmission of two photons from remote trapped
Sr+ ion processing nodes to an entangler along a fiber network
with and without our interface.
both up and down conversion, we calculated the mean
input photon number per pulse that would yield a SNR
= 1, commonly referred to as µ1 [47]. Originally defined
for quantum memories, the parameter µ1 provides a use-
ful performance benchmark for frequency conversion as
it normalizes the noise by the conversion efficiency, thus
precluding noise reduction by pumping with unrealisti-
cally low power. The calculated values are shown in Fig-
ure 4(a). For the up conversion we found the minimum µ1
= 0.05074 when operating at a pump power of 180mW.
We note that this value was limited by the pump power
in the experiment, as can be seen from the linear slope of
the efficiency vs pump power curve, and that these val-
ues are obtained without narrow-band spectral filtering.
For the down conversion, we find µ1 = 0.0185 at a pump
power of 120mW.
The very low value of µ1 for down conversion
shows that noise originating from broadband, un-
phase-matched spontaneous parametric down conversion
(SPDC) of the pump field – typically a limiting factor in
χ(2) QFC schemes linking short to long wavelengths [49]
– does not inhibit the capability of our system to operate
at the single-photon level. As a result, we believe that
up converted SPDC, which has been shown to contribute
broadband noise to frequency conversion [45, 50], is not
the dominant noise source in our SFG configuration. We
attribute the contrast in SNR between down conversion
and up conversion primarily to the difference in detector
sensitivity at the pump wavelength: the Si visible de-
tector is sensitive to the pump wavelength whereas the
InGaAs IR detector is not. The resulting inability to de-
tect pump light leaking through the filters during down
conversion and commensurate lower noise level suggests
that pump leakage is the dominant source of noise in the
up conversion configuration. This could in principle be
removed by increasing the optical depth of the filters at
the pump wavelength.
Our values of µ1 ≪ 1 demonstrate that low-noise op-
eration is possible without narrow-band spectral filter-
ing. Although high-efficiency conversion of nanosecond-
duration photons from Sr+ ions would require increased
pulse energy, due to the broadband nature of the noise
and its linear dependence on pulse energy we expect that
low-noise conversion could be maintained through nar-
row band filtering as seen in [36, 39]. To illustrate, we
consider our device operation in ion compatible down-
conversion, utilizing 1µs duration pump pulses. In our
current configuration we observe 3.9×10-6 noise photons
per 300ps pump pulse, at the point of highest conver-
sion. Increasing pulse duration to 1µs would see this
number increase by a factor of ∼ 3300. However, replac-
ing our existing 8.9 nm band pass filter at 1570nm with
a 200MHz filter, similar to that used in [36] would see
a reduction of broadband noise by a factor of ∼ 5400,
hence maintaining a similar noise contribution overall.
Projected network enhancement
In Figure 4(b) we consider the end-to-end efficiency
of three scenarios in which entanglement needs to be es-
tablished between remote processing nodes, taking into
account the transmission loss of fiber at the wavelengths
422nm and 1550nm (<50 dB/km for SM400 at 422 nm
and <0.18dB/km for SMF-28 at 1550nm). In case A a
violet photon from node 1 is down-converted via our in-
terface and transmitted through a length of optical fiber
before reaching the location of the second node, where it
is up-converted to allow interference with a photon emit-
ted directly from the node 2. In case B both photons
emitted by the ion traps are down-converted before be-
ing transmitted through optical fiber and interfered at
some midway position. The final case is where no inter-
face is used and a violet photon is emitted from one of the
nodes before being transmitted through fiber to the sec-
ond node whereupon an entanglement link is established.
For each case we present the probability of the photons
successfully reaching their destination, assuming no cou-
pling loss. We see that the use of our interface would
drastically increase the probability of successful end-to-
end transmission for remote nodes linked by fiber, even
for typical intra-city distances of a few kilometres.
CONCLUSION
We have implemented an interface capable of low noise
up- and down-conversion of single-photon-level light with
efficiencies of 9.4% and 1.1% respectively in a custom-
poled MgO:PPLN crystal. When considering the trans-
mission loss of single mode fiber at the Sr+ emission
wavelength of 422 nm relative to that at 1550nm, our in-
terface would increase the probability of successful trans-
mission of quantum information by 47 orders of magni-
tude over a distance of 10 km. We have demonstrated
6that the noise introduced when converting a weak coher-
ent state is far below the level required to achieve high-
fidelity operation with single photons emitted by trapped
Sr+ ions. Hence we believe that our interface will enable
long-distance entanglement distribution through chains
of nodes containing trapped Sr+ ions, paving the way to
the construction of large-scale quantum networks.
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